A two-staged engineered wetland-based system was designed and constructed to treat raw domestic septage. Hydraulic loading rates (HLRs) of 8.75 and 17.5 cm/d were studied with four and eight daily dosings at the second stage of the system to investigate the influence of the regimes on septage treatment. Removal of organic matter (OM) was found to be HLR dependent, where the results indicated that the increase of HLR from 8.75 to 17.5 cm/d impaired the overall level of treatment in the wetland units. Effluent of wetland fed at HLR 17.5 cm/d presented significantly lower oxygen reduction potential and dissolved oxygen values than wetland fed at 8.75 cm/d, indicative of the occurrence of less aerobic and reductive conditions in the bed. The reoxygenation capability of the wetland units was found to be heavily affected by the dosing frequency especially under high hydraulic load (17.5 cm/d). NH 3 -N degradation was found to decrease with statistical importance when the wetland was flushed two times more frequently with smaller batches of influent. The number of hydraulic load fractionings did not seem to affect the level of treatments of OM and ammonia for both the wetlands fed under the lower HLR of 8.75 cm/d. Prediction of hydraulic limits and management of the feeding strategies are important in the vertical type of engineered wetlands to guarantee the treatment performance and minimize the chances of filter clogging.
INTRODUCTION
Sewage treatment in many cities and smaller communities in Malaysia is mostly dependent on individual septic tanks (ISTs) . ISTs are used on-site to settle the wastewater solids and partially stabilize the mixed liquor through anaerobic digestion. The mixture of accumulated insoluble solids and liquid is termed septage, which must be periodically removed. In the majority of the cities and smaller communities in Sarawak, centralized treatment systems or sewered sanitations involve prohibitive costs. Inappropriate methods of septage disposal could lead to contamination of waterways and present a hazard to the environment. A pilot septage treatment system utilizing subsurface vertical-flow engineered wetlands (VFEWs) was designed and constructed in Miri, Sarawak, Malaysia. Such small-scale decentralized systems, which utilize natural processes with simple technology and incur low maintenance demands, are especially useful for implementation in cities as well as in smaller communities for septage treatment. The designed pilot septage treatment system featured two stages of treatment, with aggregate-based wetland beds planted with reeds (Phragmites karka) ( Figure 1 ). As with any wastewater treatment system, the principal elements of the engineered system design are hydraulics and mass loading rates. The operational regime for engineered wetlands is one of the imperative aspects that affect the system performance in terms of pollutant removal, besides ensuring the preservation of the system permanency. Hydraulic strategies on how the feeding and draining of the wetlands beds are carried out can affect the overall behaviour of the system. For identical hydraulic load, feeding operation can be a choice between numerous small volumes of batches or fewer batches of greater volume. In this paper, the effects of hydraulic loading rates (HLRs) (8.75 and 17.5 cm/d) and number of daily influent flushings (with HLRs fractioned into four and eight daily feedings) on the pollutant removal efficiencies of the wetlands at the second stage of the VFEW system are reported. Most recent studies discussing the effects of application-related factors on pollutant removal efficiency of engineered wetlands compared the system performances by focusing on the inlet and outlet concentrations of contaminants. There is, however, limited information to quantify the pollutant removal based on wetland hydrology and the corresponding pollutant concentration profiles. This paper reports the performances of the studied wetlands in terms of load removal rates and mass removal efficiencies by taking into account the influent volumes and their corresponding effluent volumes collected from the units after water loss.
MATERIAL AND METHODS

Description of the experimental studies
A gravel-based pilot VFEW system planted with Phragmites karka was constructed with three 1.80 m 3 polyethylene tanks as the first-stage wetland beds and four 0.28 m 3 polyethylene drums as the second-stage wetland units. The first-stage vertical flow wetlands are designed to reduce total suspended solids (TSS) and chemical oxygen demand (COD) from the raw septage by physical filtration and sedimentation processes. The resulting filtrate from the first stage was loaded into the second stage for further treatment. To store the pre-treated septage, a collection system consisting of tanks, mixers, pumps and timers was placed at the end of the first-stage wetlands. Each wetland at the second stage had surface diameter of 0.55 m and total substrate height of 0.80 m. The wetlands substrate comprised (bottom to top) medium sized crushed limestones (Ø37.5 mm; 5 cm thick), fine aggregates (Ø8-10 mm; 20 cm thick), pea gravels (Ø3 mm; 20 cm thick), and palm kernel shell (PKS) (25 cm thick) and was topped with river sand (10 cm thick).
The effects of hydraulic load application strategy was studied over a 3-month period at the second stage of the VFEW system using the pre-treated septage collected from the first-stage wetlands. All the beds were fed intermittently by periodic flushing of the hydraulic load onto the wetlands at specific time interval. The experimental research was carried out and is reported in two parts: Part I was aimed at investigating the effects of HLR on the treatment performance, and Part II focused on the effects of hydraulic load fractioning on the pollutant reduction efficiencies of the vertical beds (Table 1) . A constant daily volume of the prestored effluent from the first stage was fed onto the wetland beds and the treatment was conducted in parallel under two different HLRs of 8.75 (medium HLR, denoted as B-MH) and 17.5 cm/d (high HLR, denoted as B-HH). For Part I, both the HLRs were fractioned to eight daily dosings. For Part II, the treatment performance was examined with both medium and high HLR under different daily loading frequencies of four and eight times, i.e. at 6 and 3 hour intervals, respectively. Volume of each dose was 5.25 (within approximately 10 s) and 2.63 L (within approximately 5 s) at medium HLR; and 10.5 (within approximately 20 s) and 5.25 L (within approximately 10 s) at high HLR with four and eight daily loadings, respectively. All wetlands were operated with free drainage under unsaturated conditions throughout the study period.
Sampling and water quality analysis
Influent samples were taken from the effluent collection tank that received pre-treated effluent from the first-stage wetlands. Effluent from each wetlands were sampled from the outlet of the beds at the second stage of the system. All samples were retrieved once weekly for 10 consecutive weeks after 2 weeks of wetland acclimatization period. No replicates were taken unless stated otherwise in the standard methods for testing. The water quality parameters such as COD, NH 3 -N, NO 3 -N, and total nitrogen (TN) were measured using a Hach DR 2800 spectrophotometer. Standard tests for biochemical oxygen demand and solids (TSS) were carried out according to APHA standard methods (APHA ). Sample pH, dissolved oxygen (DO), oxygen reduction potential (ORP), electrical conductivity (EC) and temperature were tested in situ on the wetlands' influent and effluent immediately upon collection. A volumetric method (using beaker and stopwatch) was employed to measure the wetlands inflow and outflow rates on a weekly basis.
Performance evaluation
The wetlands' treatment performances were assessed in terms of mass reduction efficiency and mass removal rates (MRRs), as the water loss due to evapotranspiration from the influent was found to be substantial. This was due to the extended period of influent retention on the surface of the beds after feeding, as a result of high solids content in the pre-treated septage. Under Malaysia's tropical climatic conditions, water loss from the wetland system as a result of evapotranspiration should be taken into account when making comparisons between performances of the beds. The performances of the wetlands are evaluated using the equations below
Mass reduction efficiency (%) ¼ (CiVi À CeVe) CiVi Ã100
Mass removal rate g=m 2 Ád
where Ci ¼ influent concentration (mg/L); Ce ¼ effluent concentration (mg/L); Vi ¼ influent volume (l); Ve ¼ effluent volume (L); A ¼ bed surface area (m 2 ); I ¼ interval between water drainage and refilling (d).
Statistical analyses
All statistical analyses were performed through the statistical program SPSS 19.0 for Windows (SPSS Inc., Chicago, USA), including analysis of variance, Levine's test for homogeneity of variance and normality test. Data transformation was done when necessary and the removal efficiencies across the wetlands were analyzed through a one-way ANOVA (analysis of variance) parametric test. The ANOVA was performed to assess the influence of different design process variables on the removal efficiencies of each pollutant. In all tests, statistical significance was established at P < 0.05.
RESULTS AND DISCUSSION
Part I: effect of HLR Treatment performances of two HLRs of 8.75 and 17.5 cm/d were compared. Throughout the monitoring period, fluctuations observed for the performance of the wetlands were found to be affected by the applied hydraulic loads. Physico-chemical parameters' statistics for the wetlands influent and effluent are shown in Table 2 . The pre-treated septage influent was slightly alkaline with pH ranging between 7.58 and 8.02 at mean temperature of 27.7 W C. The pre-treated septage used as influent contained mean concentrations (average ± standard deviation (SD)) of 2,224 ± 834, 244 ± 78, 55 ± 24, 34 ± 39 and 2,367 ± 856 mg/L for COD, TN, NH 3 -N, NO 3 -N, and TSS respectively, indicating a high variability of the influent characteristics (Table 3) . At lower HLR which corresponds with longer hydraulic retention time (HRT), higher pollutant removal efficiencies were obtained. The results as shown in Table 3 indicate that the increase of HLR from 8.75 to 17.5 cm/d clearly impaired the overall level of treatment in the wetland units. The effluent concentrations and mass load statistics showed that wetland B-HH (HLR 17.5 cm/d) significantly under-performed its wetland counterpart B-MH (HLR 8.75 cm/d) in the removal of organic matter (OM), ammonia and particulate solids. At HLR 8.75 cm/d, wetland B-MH was fed with 195 ± 73 g/m 2 ·d of COD, and the loading rate was increased twofold at wetland B-HH, which was loaded with HLR 17.5 cm/d, with the same batch of influent (Table 3 ). The removal efficiency of COD dropped significantly (P < 0.05) with the increase of HLR in the studied wetlands. For instance, the COD elimination efficiency decreased from 95.5% at 8.75 cm/d in wetland B-MH to 92% at 17.5 cm/d in wetland B-HH. Influent TSS loading ranged between 94-326 and 189-649 g/m 2 ·d with a mean of 50 and 99 g/d of suspended solids applied onto wetland B-MH and B-HH, respectively. Mean TSS reduction efficiency up to 98% was achieved with wetland B-MH and the treatment level dropped to 96% at wetland B-HH. Increased HLR resulted in increased organic and suspended solids loading. Depending on the nature of solids, design of the substrate and the operation manipulation, increased TSS and organic pollutant loading may result in bed surface clogging that usually leads to poor effluent quality. In this study, with intermittent dosing of influent once every 3 hours (eight times daily) minor soil clogging was observed to occur occasionally (surface water ponding) owing to overfeeding when the dose volume was increased from 2.63 to 5.25 L/dose due to the increased HLR.
As shown in Table 3 , approximately 63% of influent N was presented as organic nitrogen (Org-N). Org-N is produced by decomposition of fecal solids in the influent, and ammonification (mineralization) biologically converts the organic N into ammonia (NH 3 -N). Generally, the NH 3 -N removal was observed to be more sensitive to the change of HLR compared to COD and TSS. At high HLR (17.5 cm/d), the effluent NH 3 -N concentration removal was significantly less than that at medium HLR (8.75 cm/d) (P < 0.05): the influent NH 3 -N concentration was reduced to 15 mg/L at wetland B-HH, compared to 0.8 mg/L of NH 3 -N retrieved from the effluent of wetland B-MH. Increased HLR significantly increased the oxygen demand in the wetland due to the greater pollutant loads, which subsequently deteriorated the level of ammonia treatment. A total of 98.5% of ammonia load was eliminated under HLR 8.75 cm/d, and only 76% of ammonia was removed from the influent when the hydraulic load was increased two fold in wetland B-HH. Removal percentage at 80% and 71% was recorded for TN load in wetland B-MM and B-HH, respectively. With the removal efficiency of TN being significantly lower at higher HLR (P < 0.05), it was suggested that the removal of nitrogen was most likely limited by the insufficient supply of NO 3 -N, as the results revealed consistently greater TN load recovered from the effluent of B-MM in the form of NH 3 -N (Table 3) .
Ammonia oxidation bacteria are strictly aerobic and thus DO is one of the critical factors governing the process of nitrification. Nitrification rates were primarily limited by oxygen availability in the studied wetland loaded with higher hydraulic loads. Effluent from wetland B-MH was found to be constantly having higher concentrations of DO content than wetland B-HH throughout the study period. Mean DO concentration of the effluent collected from wetland B-MH was 4.89 ± 1.12 mg/L and was significantly greater than the DO concentration in the effluent of B-HH (1.26 ± 0.43 mg/L) (P < 0.05). Throughout the 12 weeks of study, effluent of wetland B-MH had ORP values ranging from 125 to 310 mV, which indicates improved redox status of the effluent after treatment, ascribed to the oxidized condition in the wetland operated under the regime. Effluent of wetland B-HH presented significantly lower ORP values than B-MH (P < 0.05), indicative of the occurrence of less aerobic or reductive conditions in the bed under high HLR. Towards the end of the experimental period at week 9, the ORP of effluent B-HH dropped into the negative range. The DO in the effluent reduced concurrently with the ORP to below 1 mg/L. Lower DO and ORP had consequentially caused insufficient transformation from NH 3 -N to nitrate nitrogen in bed B-HH ,which was reflected by the low ammonia elimination efficiency. Results from the study also show that the NO 3 -N concentrations and loads in effluent of wetland B-HH were always lower than those in wetland B-MH (Table 3) , due to the more reduced state of the bed as a result of increased pollutant loading.
Increasing HLR would generally reduce the contact time between influent and the microfilms, enhance the detachment of microbes from substrate surfaces due to higher infiltration rates (IR), and decrease the oxygen availability (Toet et al. ) due to prolonged surface ponding. Consequently the removal efficiency of almost all the pollutants tested was negatively affected by the increased HLR up to 17.5 cm/d. Deterioration of the pollutant removal efficiency has also been observed in previous studies, which reported that pollutant elimination performance in the wetlands decreased significantly with the HLR (Tanner et al. a, b; Huang et al. ; Trang et al. ) . The areal MRR for the tested pollutants in the study were clearly shown to be affected by the influent loading rates as shown in Figure 2 . The close fit of the points to the regression line recorded a remarkably constant areal removal rate for all the reported parameters. There was a significant linear relationship between the incoming areal load and removal rates for COD, NH 3 -N and TSS (R 2 > 0.99, P < 0.01, n ¼ 10) and TN (R 2 > 0.90, P < 0.01, n ¼ 10) under both loading conditions, indicating high predictability of the wetland performances, with more than 99% of the variation in the OM and nitrogen MRR data being explainable by the strength of the incoming load.
Part II: effect of hydraulic load fractioning
In terms of hydraulic load fractioning, for the same HLR, smaller number of daily dosing corresponded with longer rest periods between each feeding and higher volume of influent applied per dose, and vice versa. Table 4 summarizes the physico-chemical characteristics of the influent and the wetland effluent under the different feeding strategies. COD, NH 3 -N and TSS mass in and mass out over a 3 month period are given in Table 5 . Generally, both the wetland B-MH (4×) and B-MH (8×) were very efficient in removing the pollutants, with more than 94, 95 and 96% of COD, NH 3 -N and TSS load removed from the influent respectively under both feeding regimes for HLR 8.75 cm/d. The number of hydraulic load fractionings did not seem to affect the level of treatments for both the beds fed under the medium HLR (8.75 cm/d). The two wetlands achieved similar MRR for COD and TSS, although wetland B-MH (4×) was observed to perform slightly better in terms of NH 3 -N removal than the bed flushed more frequently with smaller dosages (B-MH (8×)). It was found that the concentrations and loads of OM, ammonia and particulate solids in the resulting effluent were not significantly different under both feeding practices when wetlands were fed at the hydraulic load of 8.75 cm/d (P > 0.05).
For wetlands fed under high HLR, however, bed B-HH (4×) appeared to have greater daily mass removed than wetland B-HH (8×) for all the tested parameters. Although the result showed that wetland B-HH (4×) consistently performed better than wetland B-HH (8×) in terms of COD and TSS reduction efficiency during the entire study period, the differences between them were not found to be statistically significant (P > 0.05). COD and TSS degradation was generally satisfactory and unaffected by the hydraulic regime used in this experiment. Wetland B-HH (8×) was still able to achieve mass reduction up to an average of 92% for COD and as high as 96% for TSS. On the other hand, NH 3 -N degradation was found to decrease with statistical importance when the wetland was flushed 2 times more frequently with smaller batches of influent under the high hydraulic load (HLR 17.5 cm/d). A total mass load of 2 g NH 3 -N /d was eliminated at wetland B-HH (4×), and effluent with significantly reduced ammonia load of 1.32g was retrieved from the wetland outlet. Thus, 86% of average daily NH 3 -N mass was removed at wetland B-HH (4×), and the reduction efficiency was 13% greater than that at wetland B-HH (8×). To remove ammonia from the influent, the wetland beds should have good supply of oxygen in order to nitrify efficiently, as most nitrification occurs aerobically and is carried out exclusively by prokaryotes. The results from this experiment revealed that nitrogen oxidation was considerably affected by the frequency of daily influent flushing. Oxygen supply in the wetland can be from the diluted oxygen present in the influent itself and via physical transfer by diffusion and convection processes. For vertical engineered wetlands, the oxygen supplied by convection and diffusion mechanisms is most important (Molle et al. ) and is heavily affected by water regimes (Kayser & Kunst ) . According to Molle et al. () , under identical hydraulic load, greater load fractioning is advantageous to HRT but detrimental to system oxygenation and control of wet deposit accumulation inside or on the top of the media. Bancolé et al. () showed that with increased number of daily flushing, biofilm tends to accumulate in the upper layers of the wetland substrate and subsequently reduces the oxygen diffusion into the substrate. Besides, frequent flushing also leads to higher volume of water retention in the top layers of the beds (Boller et al. ; Kayser & Kunst ) . The authors explained that O 2 diffusion is 10,000 times slower in water than in air; thus the water layer could potentially lead to less-oxygenated substrate.
Intermittent loading regime with several smaller batches of influent fed daily allows atmospheric air to be drawn into the wetlands by means of passive pump. Successive cycles of influent recharge and withdrawal promote oxygen renewal in the wetland substrate. The fresh air was drawn into the wetland substrate at the same volume as the volume of the drained effluent due to the existence of pressure gradient between the atmosphere and the pore space within the bed. Thus, a greater amount of oxygen was drawn into the wetland substrate by convection when higher volume of influent was applied per feeding at wetland B-HH (4×). As shown in Figure 3 , the DO concentrations in the effluent of wetland B-HH (4×) presented values that were constantly higher than in the effluent collected from the wetland with greater number of flushing (B-HH (8×)) under the same hydraulic load. The redox state in the media of the wetland units was determined by measuring the ORP in the resulting effluent. The higher ORP values in the effluent of wetland On top of the factors mentioned above, the wetland which was fed less frequently had longer interval between each dosing which allowed a longer rest period (period with no influent loading). It appeared that the longer resting period could also lead to the improved treatment efficiency. Previous studies had found that bed resting time is a more important factor than influent contact time with the biofilms in the substrate (HRT) for improved ammonia removal efficiency (Zhao et al. ; Hu et al. ) . The rest period should be long enough to evacuate the oxygen-depleted air from the substrate, resulting from organic matter mineralization, besides allowing sufficient time for oxygen recovery by the diffusion of fresh atmospheric air into the wetland via the air-residual interface.
In a recent study by Hu et al. () , further validations on the importance of bed resting were reported. In the tidal flow constructed wetland, nitrification performance was found to be governed by the bed resting time when the bed was left unsaturated after effluent draining. The adsorbed NH 4 þ -N was nitrified during this period when the required oxygen can be obtained directly from the air. Also, the extended rest period was found to enhance the adsorption of NH 4 þ -N during the contact period, as a result of regeneration of the adsorption capacity during bed resting due to NH 4 þ -N removal by nitrification (Hu et al. ) . In this study, better IR were observed when the intervals between the single feedings were longer, due to the existence of greater pressure gradients (sufficient drying of the media as a result of longer rest periods between two successive batches).
CONCLUSIONS
Increased HLR significantly reduced the level of treatment of all tested pollutants at the studied wetlands. The effluents under the high loads were treated to satisfactory level under fractioning into four daily loads, compared to more frequent influent flushing with smaller batches at shorter rest interval between each feed (eight loads). Intermittent feeding regime is effective in maintaining the system performance by supporting aerobic decomposition by obligate aerobes, but the number of doses per day and the volume per dose should be limited and customized to different climate and wetland design as well as the type of wastewater being treated to assure the sustainability of the process. Vertical types of engineered wetlands are accumulative systems (retention of solids and pollutants on top and in the media profile) and prediction of the hydraulic limits and management of the feeding strategies is important to guarantee the treatment performance and minimize the chances of filter clogging. 
